The possibility to simulate Rutherford backscattering (RBS) spectra from arbitrary laterally inhomogeneous sample structures was implemented in the SIMNRA code.
Introduction
Ion Beam Analysis (IBA) methods such as Rutherford backscattering (RBS) are usually considered as methods for measuring the depth profiles of different elements [1, 2] . It is often overlooked, however, that these methods measure a depth profile only for laterally homogeneous samples. In the case of laterally inhomogeneous samples with homogeneous, but laterally varying layer thickness, these methods do not determine depth profiles of elements, but provide information about the layer thickness distribution, i.e. the layer morphology. A random thickness distribution is usually called layer roughness, and it has been already demonstrated that roughness parameters (such as the layer thickness variation) can be measured with IBA methods [3] . The possibility to derive the layer thickness distribution in general cases was already shown in [4, 5, 6, 7, 8, 9, 10, 11] .
Layer thickness distributions are usually investigated by imaging methods, such as atomic force microscopy (AFM) of the sample surface or scanning electron microscopy (SEM) investigation of the sample cross-section. With AFM only the sample surface is investigated, so that usually only the corrugation of the surface layer, but not the thickness of a layer, can be measured. Properties of buried layers or the composition of a layer cannot be investigated. Moreover, fine and sharp surface structures cannot be resolved due to the finite size of the AFM tip [11] .
Cleaving of the sample or producing a cross-section of the surface layer using a focused ion beam (FIB) and investigating the cross-section with a SEM is destructive and provides only limited information about layer composition. These methods are usually used ex-situ and require transfer of the samples through atmosphere.
In this paper we will show that RBS can be used for measuring the morphology of periodic surfaces and the change of this morphology due to sputtering in situ. This method is non-destructive, quantitative for layer thickness and composition, fast, and traceable.
Experimental
All IBA measurements were performed at the Tandem accelerator in the Dual Beam Experiment (DBE) [12] at the IPP Garching. The sample had a step like patterned surface as depicted in figure 1, which shows a cross-section through the layered sample structure. It consists of a silicon substrate, a tantalum intermediate layer with a thickness of 300 nm and a deposited silicon top layer which shows the grating structure. The He analysis beam had normal incidence. The RBS detector was a solid-state detector with an energy resolution of 15 keV and a solid angle of about 1.58 msr at a scattering angle . The sample was oriented in such a way that the grating structure was parallel to the exit beam. At this geometry correlation effects, such as incidence through a valley and exit through a hilltop, do not play a role.
The experimental procedure was as follows: After a first IBA analysis of the virgin sample the surface was sputtered by bombardment with Ar or C ions at an energy of 6 keV at an angle . After this sputtering step the sample was analyzed again by the MeV He beam followed by another sputtering step. This procedure was repeated 7 to 8 times until the top silicon layer completely disappeared (in the case of Ar sputtering), or until the Si layer thickness did not decrease further (in case of the C sputtering). Samples sputtered by Ar were analyzed by RBS using a 4He beam at 2 MeV. Samples sputtered by C were analyzed by a 3He beam at 2.5 MeV. This enabled us to collect information on the amount of carbon deposited on top of the sample by simultaneous Nuclear Reaction Analysis (NRA) measurements using the 12C(3He,pi)14N reaction. For the NRA measurement a large-angle proton counter located at a scattering angle of 150° with a solid angle of 35.94 msr was used. The detector was covered by a 5 µm thick Ni foil, so that only high-energy protons from nuclear reactions were detected. In the DBE installation sputtering and subsequent IBA can be performed in the same setup without breaking the vacuum.
The morphology of the grating steps was investigated additionally by the HELIOS device of the IPP. This is an FEG SEM with focused ion beam (FIB), type Nanolab 600/FEI. Here, the focused ion beam was used to produce cross-sections of the surface layer followed by tilting the sample and investigation of the cross section by means of SEM.
Computer simulations were performed using SIMNRA 6.50 [ 13 ] . Spectra of the grating structure are calculated by using a linear superposition of sub-spectra, as described for example in [3] . SIMNRA 6.50 allows to use arbitrary layer thickness distribution functions supplied by input file. Correlation effects, such as incidence through a valley and exit through a hilltop or multiple surface crossings, are neglected. This is a reasonable approximation for the sample orientation used in the experiments, see above. The code RBS-MAST [7] would allow to handle RBS spectra obtained from 3D-structured samples by taking correlation effects and multiple surface crossings into account, but it does not take the various energyspread contributions (except detector resolution) into account [ 14 ] . This disadvantage, together with the easier usability of SIMNRA and the absence of correlation effects in our experiments, was the main reason to use the simpler approach of a linear superposition of sub-spectra. In figure 2b the same spectrum but with a different simulation is shown which fits the recorded spectrum very accurately. This time a distribution of layer thicknesses for the Si top layer has been used. Figure 3 illustrates the procedure to find the correct thicknesses and their statistical weights. In Figure 3a left the cross section of the investigated sample is shown. To model the morphology of the Si top layer we only consider the top layer as seen on the right. All relevant physical processes of RBS can be described in the highlighted unit cell (UC) of the grating. The profile of the UC is shown in figure 3b left. It can be composed of two distinct layers with thicknesses hi and hj. The weighting stems now from the fraction of the area of the respective layer to the total area of the UC. So hi would be weighted with i/UC and hj with j/UC.
Results and discussion
The heights and their statistical weights of a certain UC profile find themselves represented in a frequency distribution as shown to the right of figure 3b. This way all possible monotone structures can be modeled. In figure 3c left the right part of the unit cell is still the height hi with the weight of i/UC. The triangle can be described as a composition of numerous layers of certain step size. Each one is weighted with the same factor, namely (j/UC)/x, where x is the number of steps. The width of the steps is limited by the depth resolution. The weighting is the same for each height since its contribution to the total area is the same. The weighting is true for any triangle which can be spanned between hi and hj with a base of area j. One alternative example is given by the dotted line. The according frequency distribution to all these triangles can be found in figure 3c right. Hence this method suffers from the surjectivity of the problem: One thickness frequency distribution can stand for several layer thickness profiles. Consequently, for a known thickness frequency distribution the exact thickness profile cannot be determined without additional knowledge. Because RBS measures the frequency distribution, it does not allow the derivation of the layer thickness profile, i.e. an image of the layer in general. However it should be kept in mind that additional knowledge (such as the prior knowledge of symmetry of the sample structure and of the lateral dimensions) may allow to derive unambiguously the thickness profile. To separate between the fundamental geometrical shapes of the profiles (homogeneous thickness, triangular structure, spherical structure) is easily possible, though.
In general the statistical weights for all kinds of profiles can be calculated via the frequency distribution p(h), where h is the layer thickness. It is given by p(h) = q(x)*dx/dh. Here q(x) is the probability for an incident ion to hit a lateral position x. For homogeneous incident beam distributions q(x) = q is constant. dx/dh is the derivative of the function x(h), i.e. the inverse function of the lateral layer thickness distribution h(x). The integral of p(h) is normalized to unity, in analogy to the area of the unit cell.
For the layer thickness profile shown in figure 3b the frequency distribution would be two -functions as shown on the right. The resulting frequency distributions are introduced to the program SIMNRA by a file which has to be created by the user. The program calculates then the sub-spectra to the respective sub-layers. After that the complete spectrum is composed out of the sub-spectra by linear superposition. This leads to the red curves as shown in figure 2b.
The DBE experiment allows to perform in situ experiments where the sample is exposed to sputtering and subsequent IBA analysis. This allows to monitor the evolution of the surface morphologies during the sputtering steps. In figure 4 four examples of spectra after sputtering with Ar ions at 6 keV to different fluences are shown. The spectrum in figure 4a is taken before the first sputtering step. In figure 4b the spectrum after the 1st sputtering step, i.e. after an Ar fluence of 7.37E20 Ar/cm^2, is shown. Figure 4c shows the spectrum after the 3 rd sputtering step at a fluence of 2.17E21 Ar/cm^2. Finally, after the 8 th sputtering step with a fluence of 7.74E21 Ar/cm^2, we find the spectrum shown in figure 4d . With progressing erosion by sputtering the surface morphology changes. This is indicated by the change of the high-energy tantalum edge (i.e. the step in the spectrum) marked by an arrow in figure 4a . After a certain fluence this step has completely disappeared. Also the peaks on top of the Ta peak have disappeared, which means that the silicon top layer has been completely removed by sputtering. The morphology information can be extracted from the frequency distributions which in turn are necessary to fit the spectra with the additional knowledge that the profiles are symmetric (the sputtering is performed at normal incidence) and the lateral extension from SEM. The fitting of the first three spectra shown in figure 4 delivers the first three frequency distributions shown in figure 5a. According to the fit the steps of the grating of the initial specimen are not fully upright, but have a small inclination. This is visible in the frequency distribution, which is not exactly zero between the two -functions, and is indicated by the small inclination of the steps for Sputter 0 in Fig. 5b . This inclination results in a slightly steeper increase of the spectrum in channels 950-1000 and is also visible in FIB cross-sections, see below.
Because RBS measures thicknesses in atoms/cm 2 and SEM in nm, the combination of both measurements gives the true atomic density of the Si grating, which turns out to be 4.28E22 at/cm^3. This value was used for the conversion of the RBS results to thickness. It is about 14% smaller than the theoretical Si density: Smaller densities than the theoretical one are not unusual for deposited Si layers [15] . For the case of sputter step 8 no Si was left on the Ta layer. This trivial case has been substituted in In another experiment, the Si grating was sputtered by a carbon beam at an angle of incidence of 42° at 6 keV particle energy. The results of the morphology analysis at different sputtering fluences are shown in figure 7 . The respective spectra were fitted as accurately as in the Ar case at = 0° shown in figure 4 . At an angle of incidence of at least 42° parallel to the Si grid the profiles don't seem to evolve via a trapezoidal-socle-shape (like in figure 5 after sputter step 1 or in figure 6b ), but their shape remains trapezoidal. This stays true for at least all the shape evolution steps RBS spectrum of the initial unsputtered specimen (black) with simulated curves (red) under assumption of a mean thickness (a) and of a step like thickness distribution (b).
The arrows in a) mark the points where the Si top layer influences the Ta peak dominating the spectrum. 
